Abstract. In this paper, the effects of the input quantity representations in linear and complex forms are analyzed to estimate mismatch uncertainty separately for one-port and two-port components. The mismatch uncertainties in power and attenuation measurements are evaluated for direct, ratio and substitution techniques with the use of a vector network analyzer system in the range of 1 to 18 GHz. The estimated mismatch uncertainties were compared for the same device under test and these values have verified that their evaluation is dependent on the representations of input quantities. In power measurements, the mismatch uncertainty is reduced when evaluating from the voltage standing wave ratio or reflection coefficient magnitudes in comparison to the complex reflection coefficients. The mismatch uncertainty in the attenuation measurements, are found higher and linearly increasing while estimating from the linear magnitude values than those from the S-parameters of the attenuator. Thus in practice, the mismatch uncertainty is estimated more accurately using the quantities measured in the same representations as of measuring quantity.
Introduction
One of the most important and dominant factors in the microwave transmission measurements is the impedance mismatch, lot of efforts are made to minimize and ensure the maximum power transmission through the microwave system. The main cause of the mismatch is the deviation in the connecting port dimensions from the standard dimensions and characteristics of the device under test (DUT) either in coaxial or waveguide configurations [1] [2] [3] [4] . However, the connector size and flange dimension are fairly standardized now and the mismatch is caused by the component itself after the connector. Every calibration is associated with an uncertainty value and uncertainties due to mismatch become an important contributor in the overall uncertainty analysis especially above 30 MHz. The evaluation of mismatch uncertainty plays a vital role in precision radio frequency attenuation and power measurements. The mismatch uncertainties of complex quantities are studied for various cases with examples with any phase information [5, 6] . The available mismatch uncertainty formulas have raised another issue of how and where to use a particular formula for a new user either in RF calibration or in measurement. So, the user is spending more time in searching and implementing the best formula depending on the parameter being measured, Correspondence: kpatel@south.du.ac.in input parameters, measurement setup, type of representations, complex or linear etc. An effort was made to address this issue for RF engineers, the formulas have been presented with the sufficient references to give a glimpse of their appropriate and suitable applications at a single place [7] . However, further work was required in this area, first to study the response of the equations available in different linear and complex representations of input quantities. The second is to check whether the estimated uncertainty values are obtained same or differently for the given DUT at the particular frequency using any formula. And the third, to identify the reason, if there are any changes due to other factors except the complex representations of the input quantities of the power and attenuation measurement ranges, independently.
So, the present paper deals to find solutions of these issues and explored the effect of input representations used to experimentally estimate the mismatch uncertainty in accordance with the standard documents [8] [9] [10] . We have performed the measurements to apply on various mismatch uncertainty formulas in terms of magnitude only (linear or dB), magnitude/phase components (dB and linear) and real/imaginary components. For example, power can be measured in terms of watts or dBm at the same time depending on the purpose or DUT, whereas attenuation is measured in terms of the unitless (linear) quantity or dB. So, it is very important to study the dependence of input quantity representation, DUT parameter Article published by EDP Sciences
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International Journal of Metrology and Quality Engineering and its unit on the overall evaluation of mismatch uncertainty. In this paper, appropriate calculated results based on the measurements are presented for various cases of power and attenuation calibrations. The responses of various uncertainty expressions are analyzed through the measurements have been performed for different DUTs, thermistor mount, fixed attenuator and step attenuator in 1-18 GHz range using vector network analyzer (VNA) Wiltron 37247B by applying short-open-load-thru (SOLT) calibration [11] . The various reflection coefficient values of load (Γ L ), DUT (Γ DUT ), impedance standard (Γ Std ) etc. are measured. The S-parameters of these DUTs are also measured in complex and linear formats. The associated uncertainties of these measured parameters are evaluated independently as per GUM documents [9, 10] . In the last section, the practical results from the methods to control mismatch uncertainty are discussed.
2 Estimation of mismatch uncertainty in power
Mismatch uncertainty for a simple power measurement
In this case, mismatch uncertainty for power in dB can be expressed as,
where, Γ G is the linear reflection coefficient magnitude of source and Γ DUT is the linear reflection coefficient magnitude of device under test (DUT). Using the source and DUT reflection coefficients (Γ G and Γ DUT ) in terms of magnitude and phase, it will be given as:
where θ DUT is the relative phase of Γ G and Γ DUT . If only source's VSWR is available, it will be the phase associated with Γ DUT in equation (2) . In terms of the real and imaginary components, if Γ DUT = p + jq, it can be written as,
A thermistor mount model no. M1110 is taken as a DUT and its reflection coefficient values (Γ DUT ) are measured using VNA. These measured values along with their associated uncertainties from VNA and source reflection coefficient (Γ G ) of 0.231 (VSWR ≈ 1.6) have been applied in equation (1) to estimate the mismatch uncertainties [7] . The mismatch uncertainty calculated using equations (2) and ( the same range of frequencies. However, it is expected that for the power measurements other than 0.0 dB, the uncertainty values will differ according to the VSWR (or Γ ) variation of thermistor mount.
Mismatch uncertainty for a comparison power measurement
The expression for the mismatch uncertainty for null comparison power measurement MNP Γ has modified at 50 MHz (f 1 ) and the measurement frequency (f 2 ) and given as [7] ,
In terms of complex values, the following formulas are useful,
where, Γ Std is the reflection coefficient of impedance standard (pre-calibrated) and θ Std is the phase associated with Γ Std . In terms of the real and imaginary components, the expression for the mismatch uncertainty for null comparison power measurement MNP ri is given by:
where Γ DUT = p + jq and Γ Std = r + js.
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A source V SW R ≈ 1.23 is taken from the manufacturer specifications and respective measured values of RF load are fed in equations (4)- (6) . As presented in Figure 1b, these evaluated uncertainties using the complex values are less than 0.1 dB and have a non-linear behavior. At higher frequencies, the reduced mismatch uncertainties remain constant with the frequency. However, the phase values control the mismatch behavior in equations (5) and (6) and so, it caused the randomly orientated higher uncertainties with frequency. For traceable complex reflection coefficient measurements, one may have higher values and random nature of mismatch uncertainties while estimating from the complex values.
Estimation of mismatch uncertainty in attenuation 3.1 Mismatch uncertainty for a fixed attenuator
For a fixed attenuator (<10 dB), when only magnitude is known (linear), total uncertainty contribution MA T due to mismatch error is given by [7] :
where S 11 , S 22 and S 21 , S 12 are the reflection and transmission scattering coefficients of the attenuator.
If an attenuator has very small reflections at the ports and the source and load connected to it, are properly matched, the values of scattering parameters (S 11 and S 22 ) and the reflection coefficients are extremely small, Γ G and Γ L 1. The maximum mismatch uncertainty in dB for attenuation is given by [7] ,
In Intermediate frequency (IF) substitution technique for attenuation measurement, the mismatch uncertainty in terms of VSWR values is expressed by [7] ,
where V SW R G is the measured V SW R at the generator port, V SW R L is the measured V SW R at the load or detector port, V SW R DUTI is measured V SW R at the input port of the attenuator (DUT), and V SW R DUTO is measured V SW R at the output port of the attenuator (DUT).
In a second type of attenuation measurement, where the complex S-parameters are measured, the mismatch uncertainty is estimated differently. For such measurement facility, the mismatch uncertainty can be evaluated in dB for high attenuation values (>10 dB) and given by [7] .
where ϕ Γ are the phase values associated with the respective reflection coefficients (Γ ) and φ nn are the phase values associated with S-parameters as per the subscripts (n = 1, 2). When the S-parameters are measured as real and imaginary components, the mismatch uncertainty is [7] ,
where, S 11 = a+jb, S 22 = e+jf , S 21 = k+jl, S 12 = p+jq.
The VSWR values and linear S-parameters of a 50 dB attenuator (maximum V SW R ≈ 1.05) are measured in a better matched measurement system. The evaluated mismatch uncertainties are obtained from equations (7)- (9) and have shown in Figure 2a . In such cases, the values of mismatch uncertainty are increasing from 0.01 to 0.15 dB and showing almost the similar trends with the frequency, irrespective of the input reflection coefficient values. However, a contribution of the measured attenuation is the reason behind a nominal difference between the responses of equations (8) and (9) and values are found within 0.12 dB.
The mismatch uncertainties obtained from equations (10) and (11) are presented in Figure 2b . These responses estimated to 0.01 to 0.1 in dB and have not shown any similar values even at a single frequency. This means, these uncertainties are independent, while evaluating for the same DUT and are decreasing at the higher
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MSAri(dB) = 8.686
frequencies. This supports a conclusion that the individual uncertainty contribution associated with each measured parameter influenced the final values of mismatch uncertainties and their estimation.
Mismatch uncertainty for a step attenuator
In this case, linear S-parameters are measured at every attenuation steps and along with the source and load reflection coefficient values, the maximum mismatch uncertainty is estimated using equation (12) in a matched system [7] .
M SA(dB) = 8.686
where Γ G is the effective source port match, Γ L is the effective load match, S 11 , S 12 , S 21 , S 22 are the S-parameters of the attenuator (at the measuring attenuation level) and S 11 , S 12 , S 21 , and S 22 are the S-parameters of the attenuator at the initial state '0' dB. Mismatch uncertainty using the input and output reflection coefficients of step attenuator in dB, is given by equation (13) [7] ,
where, Γ L is a load reflection coefficient at the detector port, Γ G is a generator (source) reflection coefficient at the generator port, Γ i1 and Γ i2 are the measured reflection coefficients of the step attenuator at '0' dB and measuring attenuation level settings of attenuator at the input port, Γ o1 and Γ o2 are the measured reflection coefficients of the step attenuator at '0' dB and measuring attenuation level settings of attenuator at the input port. A 1 ('0' dB) and A 2 are the measured attenuation values of the step attenuator for two different settings of attenuator. For high attenuation values, the mismatch uncertainty in dB can expressed in terms of complex S-parameters of attenuator in magnitude and phase and is given by [7] ,
where all φ values are defined as for equation (10). In terms of real and imaginary representation for the measured complex S-parameters, S 11 = a + jb, S 11 = c + jd, S 22 = e + jf , S 22 = g + jh, S 21 = k + jl, S 21 = m + jn, S 12 = p + jq, S 12 = r + js. Γ G and Γ L are an effective test port match and effective load match respectively for S 12 .
So, the mismatch uncertainty is then expressed as [7] , see equation (15) above.
An Agilent step attenuator at 0 dB and 10 dB setting was measured to extract its S-parameters values in complex and linear representations. The values of Γ L and Γ G were measured better than 30 dB at the insertion ports in the frequency range under consideration. The mismatch uncertainties are found in the range of 0.01-0.09 dB using equations (12) and (13) and shown in Figure 3a . The differences between these values are due to different estimation techniques from the respective representation of S-parameters. Figure 3b presents the uncertainty values of 0.01 to 0.75 dB, which are obtained using equations (14) and (15) from the complex representations. The small variations less than 0.03 dB are found in mismatch uncertainty values, which is due to the difference in the associated uncertainties in S-parameters and reflection coefficients. Due to these associated uncertainties, the exact conversion is not accomplished between the magnitude/phase components and the corresponding real/imaginary components. Thus, the responses obtained from the complex values have shown that representations have insignificant effect on the uncertainty evaluation in case of the step attenuator.
Selection of an attenuator to control the mismatch uncertainty
In any measurement system, selecting quality components and accessories can minimize the mismatch loss in a welldesigned system, which also increase the overall cost of the system. However, with the applications of few techniques, this uncertainty component can be reduced and restricted to a minimum possible level [12] [13] [14] . The most effective technique for minimizing the mismatch uncertainty is to connect the attenuator pads usually of 3 dB, 6 dB, 10 dB at either one port (for power measurement) and both source and load ports (for attenuation measurement) during the measurement. Simultaneously, this also reduces the measurement dynamic range of power and attenuation. The application of attenuators improves the overall mismatch uncertainty with the expense of more complicated mismatch uncertainty formula. For the selection of best attenuator, the attenuator's VSWR should be less than that of the source and load ports. For a reciprocal attenuator, which has the same VSWR and attenuation in either direction, the actual attenuation level can be expressed in terms of incident and transmitted voltages (V incident and V transmitted ) by the following equation [9] ,
where, A is the measured attenuation (dB), |Γ G | is the reflection coefficient magnitude of source (generator), |Γ L | is the reflection coefficient magnitude of load (power sensor along with meter or analyzer) and |Γ A | is the reflection coefficient magnitude of attenuator at both ports. The voltage uncertainty of equation (16) is given by:
Mismatch uncertanity in voltage
Now, if we reconsider the source VSWR is 2.2 and the load VSWR is 1.8 at 2 GHz, and vary the attenuator's VSWR value for different attenuation values 3, 6, 10 and 40 dB, we can get an impact of attenuation value and VSWR on the mismatch uncertainty. Figure 4 shows that a 40 dB attenuator offers the least mismatch uncertainty for the same VSWR, by reducing more amount of reflected voltage or power. Thus, a use of higher attenuation reduces the mismatch uncertainty significantly; however, this uncertainty increases with attenuator's VSWR particularly for having VSWR compared to the source and load VSWR values. Higher VSWR of attenuator reflects further voltage or power from the ports towards the generator. When the attenuator value is reduced to 6 or 3 dB, the uncertainty in voltage also changes in a similar manner. . It shows that to reduce the mismatch uncertainty, increasing the attenuation level is always not the best solution, because the mismatch is dominated by the reflection coefficients of attenuator rather than its attenuation value. So, we agreed that an attenuator of maximum 10 dB with low VSWR values (<1.02) is optimum for the purpose with compromising the measurement dynamic range. Thus, the attenuation value and its VSWR should be considered in prior to reduce a certain amount of mismatch uncertainty for a given application.
Conclusions
In this paper, the measurement results of the mismatch uncertainty are presented, which are based on different
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International Journal of Metrology and Quality Engineering formulas in linear and complex representations for power and attenuation measurement systems. This work verified that the mismatch uncertainty is considerably different, when evaluated from the complex and linear representations for the same DUT in same measurement set-up. Also the mismatch uncertainties are never found same, when these are obtained from the complex representations, whether in magnitude/phase or real/imaginary format. However, these values have shown similar trends in the measurement frequency range, like the uncertainties calculated from reflection coefficient and VSWR values. So, based on this study, we predicted that this variation is due to two factors, first the difference in the individual uncertainty associated with these measured numbers and second, two related quantities may not be converted linearly due to differences in the respective measured values in the operating frequency range. The differences achieved are small but significant as a part of the mismatch uncertainty, which is a dominating contributor in the combined uncertainty of a measured parameter. Thus, the estimation of this uncertainty is found more accurate from the same input representations as of the measured quantity in RF and microwave measurements. For the measurement of large signal, placing a precision attenuator in the measurement path minimizes the mismatch uncertainty preferably of 10 dB. To reduce the measurement uncertainty effectively, the attenuator should be pre-calibrated and should have a very stable characteristic.
